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Abstract: We demonstrate the potential of birefringence-based, all- 

optical, ultrafast conversion between the transverse modes in integrated 
optical waveguides by modelling the conversion process by numerically 
solving the multi-mode coupled nonlinear Schroedinger equations. The 
observed conversion is induced by a control beam and due to the Kerr 
effect, resulting in a transient index grating which coherently scatters probe 
light from one transverse waveguide mode into another. We introduce 
birefringent phase matching to enable efficient all-optically induced mode 
conversion at different wavelengths of the control and probe beam. It is 
shown that tailoring the waveguide geometry can be exploited to explicitly 
minimize intermodal group delay as well as to maximize the nonlinear 
coefficient, under the constraint of a phase matching condition. The 
waveguide geometries investigated here, allow for mode conversion with 
over two orders of magnitude reduced control pulse energy compared to 
previous schemes and thereby promise nonlinear mode switching exceeding 
efficiencies of 90% at switching energies below 1 nJ. 
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1. Introduction 

Efficient all-optical switching based on a number of nonlinear effects is a research topic of 
high interest [Ij. In recent years all-optical switching at low pump powers in integrated opti¬ 
cal circuits has been a particular focus of research, pushing the switching energies from the 
picojoule [2j into and even below the femtojoule regime 00- These advances were made 
possible by switching light in high quality-factor nanocavities by modifying the effective index 
of the cavity using, e.g., pump-induced free-carrier injection and thereby shifting the reso- 



nant frequency of the cavity. Using resonant field enhancement, however, comes at the cost of 
narrowing the usable optical bandwidth and demands precisely tunable lasers or some means 
to tune the cavity resonances [6|. A broader bandwidth is offered by all-optical switching in 
non-resonant linear geometries, which has been achieved by, e.g., nonlinear-phase shifts in 
Mach-Zehnder type interferometers |7| or by nonlinear frequency conversion combined with 
frequency filtering |8j, which has recently been demonstrated in a mode-selective manner |9j. 
As an alternative, transient long period gratings, optically induced by multi-mode interference 
in combination with the nonlinear Kerr-effect, look promising for the realization of a low- 
power, all-optical device for switching in a linear geometry. These long-period gratings can be 
used to convert the transverse modal content of a probe beam. Spatial conversion or switching 
is of special interest in the context of future spatial-division multiplexing networks in addi¬ 
tion to or instead of all-optical frequency conversion (TO). All-optical mode conversion based 
on optically induced long-period gratings (OLPG) has been demonstrated experimentally in a 
few-mode fiber using nanosecond pulses with 70 jJ. J pulse energy GO- Recently, femtosecond 
control beams were used to induce the long-period gratings to allow for high peak powers at 
substantially reduced pulse energies GO . A severe restriction of the used setup for applications 
is, however, that the pulse energies are still high, in the order of 100 nJ, which requires high- 
power amplifier systems. Additionally, nonlinear-polarization rotation was found to introduce 
a phase-sensitive cross-talk between the cross-polarized control and probe beam, resulting in a 
demanding probe separation. 

Here, we show low-power, cross-talk free all-optical conversion of transverse modes in in¬ 
tegrated waveguides by numerically modeling the nonlinear interaction between the involved 
pump and probe beam modes. The key to such progress lies in the use of integrated waveg¬ 
uides in which one can make use of a highly nonlinear material, e.g., silicon nitride (Si 3 N 4 ), 
featuring a nonlinear index of refraction (no = 2.4 ■ 10 1 5 cm 2 /W) that is ten times larger than 
in fused silica optical fibers. The higher non-linearity in combination with modal areas being 
three orders of magnitude smaller in waveguides compared to multimode fibers, allows to ac¬ 
cordingly lower the required peak powers. The aforementioned cross-talk induced by nonlinear 
polarization rotation can be avoided if the control and probe beam could be separated by other 
means than polarization. A dichroic setup with different control and probe wavelengths would 
be a favorable approach but requires additional means for phase matching, i.e., a matching of 
the induced Kerr grating to the phase velocities of the probe beam. We show that this can be 
achieved by tailoring the waveguide cross section to induce an appropriate birefringence that 
provides phase matching for selectable, well separated control and probe beam wavelength 
combinations (for details on the phase matching see section [3}. Thereby, a cross-talk free op¬ 
eration by separating control and probe beam by wavelength is indeed possible. Compared to 
earlier work GB the small modal areas inherent to integrated waveguides are coming at 
the cost of an increased group velocity mismatch of the involved modes of up to two orders of 
magnitude. However, this is more than compensated by a much higher effective nonlinearity, 
which substantially reduces the necessary pulse energy for all-optical mode conversion. An im¬ 
portant advantage of our approach to use form-induced waveguide birefringence is that it can 
be applied to other materials as well, e.g., to silicon or chalcogenide glasses, with an no about 
a factor of 300 - 500 times higher than in fused silica. In the calculations presented here, we 
have selected Si 3 N 4 , due to its availability with loss as low as 0.1 dB/m GD and a transparent 
wavelength range from 400 nm to about 2.3 jim, making S^lSU an experimentally widely used 
material for nonlinear optics 115 19). 




2. Mode conversion scheme 


The scheme for all-optical mode conversion that we model is depicted in Fig. [T] The size and 
material parameters are chosen to enable an experimental verification in a subsequent step and 
take into consideration recently available S^ISht waveguides with thick cross-sections J20| . The 
scheme consists of three parts: the excitation of the specific control and probe modes by mul¬ 
tiplexing via two input waveguide channels (labeled 1 and 2), the actual all-optical mode con¬ 
version in the waveguide channel 2, and finally a mode demultiplexing into an output channel 
(labeled 3). 



TE, Probe 


Fig. 1. Schematic of the proposed all-optical mode conversion scheme (dimensions not 
to scale). Potentially, tapered directional couplers could be used to excite a superposition 
of the TM()- and TMi-mode at the control wavelength as well as the TEo-mode at the 
probe wavelength in the multimode waveguide channel marked by 2. In this work, only the 
nonlinear interaction of control and probe beam in the straight section of the multi-mode 
waveguide and the corresponding mode conversion to the higher-order mode is studied by 
numerically solving the multi-mode coupled nonlinear Schroedinger equations. An illustra¬ 
tion of the probe mode’s intensity profile along the propagation path is shown color-coded 
in the waveguide to depict the conversion process. For details see text. 

The control and probe beams are launched into cross-polarized modes for making use of the 
waveguide birefringence in order to enable phase matching and thus to achieve high conversion 
efficiency at different control and probe wavelengths (for details on the phase matching see 
section[3]i. In case of the rectangular waveguide geometry investigated here the cross-polarized 
quasi-transverse electric (quasi-TE) and quasi-transverse magnetic (quasi-TM) modes are used. 
In order to excite an OLPG with maximum contrast, the control beam energy is equally distrib¬ 
uted between two different modes. We consider to use a multiplexing scheme based on tapered 
directional couplers [|22) to excite a specific mode mixture in the multimode waveguide section. 
A control beam at a center wavelength A c is then coupled with equal powers into the two single¬ 
mode waveguide channels 1 and 2 (see Fig. |T|). During its propagation in the tapered section of 
channel 2 the coupled fundamental mode adiabatically evolves into the fundamental mode of 
the multimode section of the channel. If the propagation constants of the fundamental mode in 
channel 1 and that of the higher-order mode in channel 2 are matched, the light in channel 1 is 
coupled into the higher-order mode of the main waveguide channel 2 |22) . The superposition of 
both modes within the straight mode conversion section of channel 2 then forms a transversely 
structured interference pattern which induces, via the Kerr effect, the OLPG. When injecting a 
probe beam at a center wavelength of Ap into the main waveguide channel 2, it first adiabatically 
evolves into the fundamental mode. In the straight section of channel 2 the probe mode is then 























converted into the higher-order mode (schematically depicted in the middle section of Fig.JTji 
by means of the OLPG. The amount of probe pulse energy that is converted by the OLPG is 
directed by demultiplexing in the adiabatic output coupler to output port 3, while otherwise the 
probe pulse would leave the straight output port unmodified. 

In the following, we demonstrate the nonlinear conversion of the probe beam’s modal content 
within the mode conversion section of the waveguide channel 2 (see Fig. [TJ by numerically 
solving the multi-mode coupled nonlinear Schroedinger equations (23). The dispersion of the 
transverse waveguide modes is calculated up to the fifth order from the wavelength-dependent 
propagation constants obtained from using a vector finite difference mode solver |24). A power 


loss of 1 dB/cm is assumed as a conservative estimate [19]. During propagation in the straight 
section of channel 2 and conversion of the probe beam from the fundamental mode to the 
higher-order mode the power conversion efficiencies are analyzed. 

In section[3]the proposed birefringent phase matching scheme will be presented and it will be 
shown in section [4] that the waveguide dimensions can be tailored to achieve low-power mode- 
conversion within the boundary conditions set by the phase matching. Finally, in section [5] 
numerical simulations of all-optical mode conversion are presented for switching 3 ps probe 
pulses utilizing 6ps long control pulses with the latter having peak powers ranging from 10 W 
to 500 W. The results of the performed simulations are compared for the different waveguide 
configurations discussed in section [4] The potential applicability of our scheme for all-optical 
ultrafast switching with low pulse energies of less than a nanojoule is demonstrated. 


3. Phase matching 

The OLPG induced via the Kerr effect in waveguides arises from the multimode interference 
intensity pattern caused by the beating of two control beam modes (here either TEo and TEi, 
or TMo and TMi), that propagate with different phase velocities. In order to achieve efficient 
mode conversion the period of the induced OLPG has to be adapted to the difference in propa¬ 
gation constants of the probe modes |25]|. One can therefore derive a phase matching condition 
depending on the propagation constants of the control as well as the probe modes: 

A = A/3 C — A/3 P , with 

A/3 C = j3o,i(Ac) — /3 o,2(Ac), A/3 P = j3o.3(^p) - Poa{^p), 

with fi()j being the propagation constant of the fundamental mode and the higher-order mode 
of the control beam (i =1,2) and of the probe beam (i = 3,4), respectively. 

Exact phase matching (A = 0) is in general and especially in radially symmetric waveguides 
not fulfilled for unequal control and probe beam wavelengths. The individual mode profiles 
expand at different rates into the cladding [26j when increasing their wavelengths. Therefore, 
the modes experience a different change in effective refractive index as a function of wavelength 
leading to a change in the difference of the propagation constants, A/3, and thereby resulting in 
a phase-mismatch (A ^ 0). Such a phase mismatch would prevent an efficient energy transfer 
between the probe modes. 

Here we suggest a solution to this problem that is particular suitable for all-optical mode 
conversion in integrated waveguides. In rectangular waveguides, namely by choosing appropri¬ 
ately different transverse sizes, an inherent birefringence can be imposed and tailored to achieve 
phase matching at two different wavelengths. For an exemplary waveguide geometry the differ¬ 
ences in propagation constants for the control and probe beam are depicted in Fig. [2]as the blue 
and dashed red curve, respectively. In this example, birefringent phase matching is fulfilled for 
a TM control beam at a center wavelength of 1030 nm and a TE probe beam at about 780 nm 
or vice versa. However, phase matching can also be achieved for a variety of wavelength com¬ 
binations tailored specifically for the available external or integrated laser sources, e.g., also 
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Fig. 2. Difference in propagation constants A/3 (A) for TE- (blue curve) and TM-modes (red 
dashed curve) in a Si 3 N 4 ridge waveguide in SiC >2 with an air on top cladding (ridge height: 
380 nm, ridge width: 949 nm). The black dash-dotted line indicates phase matching (A = 0) 
with a combination of 1030 nm and 780 nm for control and probe beam wavelengths. 


in the telecommunication window. Here we focus on using the aforementioned wavelengths 
of 1030 nm and 780 nm as control and probe center wavelengths. For an experimental verifi¬ 
cation, both of these wavelengths can be easily generated by, e.g., an Yb-doped solid state or 
fiber laser and either a Ti:Sapphire-laser or a frequency-doubled Er-doped fiber laser. As these 
laser materials offer a relative wide gain bandwidth, fabrication tolerances can be compensated 
by a tuning of the laser frequency, although fabrication of SDN 4 waveguides has already been 
demonstrated with a standard deviation in the width of the waveguide of less than 5 nm 0 - 

4. Waveguide optimization 

In order to identify the lowest possible pulse energy for optically induced mode conversion we 
exploit the dependence of the dispersive and nonlinear properties on the geometrical dimensions 
and cladding configurations of rectangular S^INU waveguides. For this type of waveguide there 
are three possible cladding configurations that are depicted in Fig.[3ja): (i) S^lSLj core buried 
in SiC >2 with an air on top cladding, (ii) Si 3 N 4 core with air on top as well as on the sides, and 
(iii) SDN 4 core surrounded by SiOo on all sides. 

The key aspect to achieve efficient mode conversion is, beside fulfilling the phase matching 
condition, to choose a waveguide with a small amount of group delay per unit length. As the 
temporal walk-off due to the group delay between the individual control and probe modes 
reduces the effective interaction length, it also reduces the maximum conversion efficiency at 
a given control beam power level. In addition to keeping the effective group delay small, a 
high conversion rate can partially compensate for the limiting influence of the walk-off on the 
conversion efficiency. The conversion rate itself increases with the refractive index contrast of 
the OLPG p7) . Therefore, a high value of the nonlinear coefficient 7 is needed, which can for 
instance be accomplished by minimizing the effective modal area. 

In order to optimize the three waveguide configurations (i-iii), we first calculate the phase 
mismatch at the wavelengths studied in this work as a function of the waveguide dimensions. 
The phase mismatch as a function of the height and width of the ridge for a type (i) waveguide 
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Fig. 3. (a) Schematic of the different cladding configurations of the rectangular waveguides 
discussed here. The symbols within the depicted cladding (black cross, red diamond and 
blue square) are the ones used in (c) and (d) to distinguish between the different cladding 
configurations, (b) Phase mismatch as a function of the waveguide dimensions for mode 
conversion at a center wavelength of 780 nm via an optically induced long-period grating 
induced by a control beam at a center wavelength of 1030 nm or vice versa. The cladding 
configuration assumed here is shown as (i) in (a). Waveguide dimensions that fulfill the 
phase matching condition are marked with black crosses, (c) Standard deviation of the 
group delays per unit length (C7 gd) °f the involved modes for cladding configurations (i-iii) 
as a function of the ridge height and the corresponding ridge widths, for which phase match¬ 
ing is fulfilled (see black crosses in (b)). (d) Effective modal area (A e ff = (3 • Qoooo) ’ see 
appendix A) of the fundamental TEg-mode at 780 nm for the same cladding configurations 
(i-iii) and related waveguide dimensions as in (c). 


is depicted in Fig. |3jb) exemplarily. Phase matching is not only fulfilled, e.g, for the specific 
waveguide dimensions displayed in Fig. [2] but for each displayed ridge height a ridge width 
can be found, for which the mode conversion process is phase-matched. The corresponding 
waveguide dimensions are marked with black crosses in Fig. [3jb). The multitude of phase 
matching conditions offer the possibility to tailor an optimum waveguide with regard to its 
dispersive and nonlinear properties, while still fulfilling the phase matching condition. 

As a measure of the intermodal walk-off, the standard deviation, 

l 1 ”= 4 _ 9 \ 1 

<7gd = ( nZT\ II I^M ~Pi\ j > (1) 


of the group delays per unit length of the two control beam modes (i =1,2) and the two probe 


















beam modes (i = 3,4) is calculated, with fi] being the inverse group velocity. A high deviation 
of either of the four modes from the mean group delay per unit length (j3i) would lead to a 
reduced interaction length and thereby to a reduced conversion efficiency. The result is shown 
in Fig. [3jc), where Ogd is depicted by blue crosses and shown as a function of the waveg¬ 
uide’s ridge height. The corresponding ridge widths where chosen such that phase-matching 
is fulfilled (ridge height and width pairs marked with black crosses in Fig. [3jb)). Furthermore, 
Ogd is displayed for the two other cladding configurations at their respective phase-matched 
geometries. For each cladding configuration Ogd varies with ridge height and exhibits a local 
minimum, being lowest with about 1.44 ps/cm for a type (i) waveguide. The rapid increase of 
Ogd to more than 5 ps/cm at smaller ridge heights shows that the occurring group delay has to 
be taken into account carefully. 

In Fig. [3jd) the effective modal area is depicted as a function of the ridge height for the same 
cladding configurations already discussed above. Again a local minimum is found for each 
configuration, this time being lowest for the waveguide surrounded by air on three sides (type 
ii), as here the mean index difference between core and cladding is maximized, and tight light 
confinement to the core is achieved. 

In order to provide a qualitative understanding of the difference in performance of the waveg¬ 
uides with respect to the conversion efficiency, that will be demonstrated in the next section [5] 
one can introduce the inverse product of group delay and effective modal area as a figure of 
merit (FoM): 

FoM = (CTOVD '^eff) ' • (2) 

For the waveguide of type (i), exhibiting low group delay per unit length, the FoM is calculated 
to be maximum at a ridge height of 380 nm and a corresponding ridge width of 949 nm with a 
FoM = 2.8 c ^ 2 • while the waveguide of type (ii) with the smaller modal area only features a 

maximum FoM of about FoM = 2.2 at a ridge height of 360 nm and a width of 960 nm. 

5. Efficiency of all-optical mode conversion 

In this section we present the results on all-optical mode conversion in the two waveguide 
configurations (type i and ii) and with the respective dimensions that promise the most efficient 
conversion at a given control beam power level: on the one hand the waveguide of type (i) will 
be discussed, as it exhibits the lowest group delay per unit length at a height of 380 nm and a 
width of 949 nm and therefore allows for a long interaction length of the probe beam with a 
high contrast index grating. On the other hand the aforementioned waveguide will be compared 
to a waveguide of type (ii) showing the highest nonlinear coefficient at a height of 360 nm and 
a width of 960 nm and thereby exhibiting the fastest conversion rate at a given power level. 
We consider in the following two different scenarios: a probe center wavelength of 780 nm and 
correspondingly x-polarized TE probe modes as well as a probe center wavelength of 1030 nm 
and y-polarized TM probe modes. The control beam is always assumed to be cross-polarized 
to the probe beam and at the respective phase-matched center wavelength. 

In order to account for the high differential group delay, pulse durations of 6 ps for the control 
beam and 2ps for the probe beam were chosen for the simulations. The control beam’s energy 
was evenly distributed between the fundamental and the higher-order mode leading to half the 
peak power of the whole control beam in each mode. The probe beam energy, being only in the 
fundamental mode, was set to 1% of the control beam energy, so that the nonlinear influence of 
the probe beam on the control beam could be kept negligible. To ensure phase matching and to 
determine the bandwidth of the conversion process the center wavelength of the beam at about 
780 nm was numerically scanned across the theoretical phase-matched value. The propagation 
of the involved modes was simulated up to a propagation length of 3 cm and a periodic energy 
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Fig. 4. All-optical mode conversion efficiency (red pluses and blue crosses) as well as con¬ 
version full width half maximum bandwidth (red diamonds and blue squares) as a function 
of the control beam peak power for two different waveguide dimensions and cladding con¬ 
figurations. The dotted lines are added to guide the eye. The dimensions as well as cladding 
configurations of the two waveguides are the ones - as discussed in section [4]- exhibiting 
lowest group delay (marked by blue crosses and squares) and highest nonlinear coefficient 
(marked by red pluses and diamonds), respectively. In (a) the probe pulses are assumed to 
be in the x-polarized TE-modes and at a center wavelength of 780 nm while the control 
beam is assumed to by y-polarized and at a center wavelength of 1030 nm. In (b) the roles 
are reversed and the probe beam is assumed to be in the y-polarized TM-modes and at a 
center wavelength of 1030 nm and the control beam in the x-polarized TE-modes and at a 
center wavelength of 780 nm. 


exchange between both probe modes due to the induced OLPG was observed. The conversion 
efficiency after the first occurring conversion cycle, i.e., the ratio between probe energy in the 
higher-order mode and the whole probe energy, is plotted in Fig. [4] as a function of control 
beam peak power. At each peak power value the conversion efficiency is displayed for probe 
pulses with a center wavelength phase-matched to the induced grating. In Fig. |4|a) the mode 
conversion from the TEq to the TEi-mode is shown for probe pulses at 780nm and a control 
beam center wavelength of 1030nm, while in Fig. |4j b) conversion from the TMo to the TMi- 
mode at a center wavelength of 1030 nm using a control beam at a center wavelength of 780 nm 
is displayed. 

As can be seen, the conversion efficiency increases with control beam energy and thereby 












with the index contrast of the induced OLPG for both studied waveguides until the conversion 
efficiency converges towards 100%. The incomplete conversion at low control beam peak pow¬ 
ers despite perfect phase matching can be explained by the low index contrast of the OLPG. The 
conversion rate scales directly with the grating contrast (27) and at low control beam peak pow¬ 
ers the conversion is simply not completed at the waveguide position where control and probe 
pulses do not overlap in time anymore due to their difference in group velocity. The increasing 
conversion rate with control beam peak power is then able to compensate at least partially for 
the limited interaction length and finally leads to a convergence of the conversion efficiency 
towards 100% at high peak powers. Comparison of the performance of the two investigated 
waveguides is revealing that the waveguide of type (i) with the lower intermodal group delay 
(blue crosses in Fig. [4) allows for a more efficient conversion at a given peak power, indepen¬ 
dent of the used probe polarization and wavelength. The TEi conversion efficiency exceeds, 
e.g., 90% at a control beam peak power of about 150 W in the waveguide of type (i) while more 
than 225 W of control beam peak power is needed in the waveguide of type (ii) to achieve the 
same efficiency. This difference in the achieved conversion efficiency is therefore consistent 
with the introduced figure of merit in section[4]being higher for the waveguide of type (i). 

Although the waveguides of type (ii) fall behind in conversion efficiency at a given power 
level, they might still be of interest from an economical point of view as they do not require 
a re-coating production step when the waveguides are created by reactive ion etching from a 
planar Si3N4 layer [ 161. However, if the available control beam peak power is limited or the 
relatively new approach of fabricating S^ISLt waveguides by filling predefined trenches in Si02 
with Si3N4 (20) is used, the waveguides of type (i) are of definite advantage. 

Comparison of the two scenarios displayed in Fig. ^furthermore reveals, that the conversion 
seems to be overall more efficient if the probe pulses are centered around 780 nm and thereby 
in the x-polarized TE modes and the control pulses are centered around 1030 nm. The reason 
for this behavior is twofold: the smaller modal areas at a control beam wavelength of 780 nm 
compared to the modal areas at 1030 nm lead to a stronger self-phase modulation resulting in 
a rapid broadening of the control beam spectrum. Thereby, the spectral density of the control 
beam at the phase-matched wavelength decreases more rapidly than for control pulses centered 
around 1030 nm leading to a reduced conversion efficiency. As the coupling strength of the 
grating is a function of the overlap of all involved modes of control as well as probe beam it 
should not change when switching control and probe beam wavelength. 

However, the numerical model (23) used here only includes a frequency dependence of the 
whole overlap integral describing the nonlinear coupling and not of the individual mode pro¬ 
files. This constitutes a necessary approximation to be able to compute the simulation within 
a reasonable time frame. As the coupling coefficient is therefore always evaluated only at the 
probe frequency when calculating the probe beam propagation, the mode conversion at shorter 
probe wavelengths than control beam wavelengths is always overemphasized (upper limit) and 
the mode conversion at longer probe wavelengths than control beam wavelengths is underem¬ 
phasized (lower limit). 

We also investigated the full width half maximum conversion bandwidth for an OLPG, which 
is defined as the width of the possible probe frequency detuning for which the conversion effi¬ 
ciency exceeds half of its maximum value. The results are displayed in Fig. [4] as a function of 
control beam peak power. We found a broadening of the conversion bandwidth with increasing 
control beam peak power, analogous to the rising conversion efficiency with increasing control 
beam power. Again this can be explained by an increased conversion rate: The fixed dephasing 
per unit length between the induced grating and the probe modes is compensated by a shorter 
conversion length leading to a maximum in conversion before a significant dephasing can occur. 
An analogous behavior can be found for conventional long period gratings, where the achieved 



conversion does also depend on the phase-mismatch as well as the strength of the grating 1281. 
The bandwidth of the TE conversion process in the waveguide of type (i), e.g., increases from 
0.4 THz as full-width half maximum value at a control beam peak power of 100 W to 1.9 THz 
at a control beam peak power of 500 W. The slower growth of conversion bandwidth in the 
waveguide of the second type (ii) is consistent with a steeper slope of the phase matching curve 
around the phase-matched wavelength of about 13.8 compared to 9.6 ^ in the waveg¬ 
uide of type (i). In the type (ii) waveguide the accumulated phase mismatch during propagation 
is larger and, therefore, the conversion bandwidth at a given control beam power is reduced. 


z max = 16 mm, P L = 100 W z m „ = 6.8 mm, P L = 225 W 
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Fig. 5. Time trace of the individual modes at the waveguide position z max , where maximum 
conversion has occurred in a type (i) waveguide. Displayed are the probe beam pulses 
at a center wavelength of 1030 nm (solid red curve: fundamental mode, dash-dotted blue 
curve: TMi-mode) as well as the corresponding control beam pulses at a center wavelength 
of 780 nm (solid black curve: fundamental mode, dashed black curve: TEj - mode). The 
power of the probe pulses is magnified by a factor of 40 for visibility, (a) The control beam 
was launched into the waveguide with a peak power of Pl = 100W and the inset shows 
the mode intensity profile of the TE()-mode, while in (b) the launched peak power of the 
control beam was 225 W and the intensity profile of the TE; -mode is displayed. 

In order to visualize the above mentioned influence of the conversion rate in combination 
with the temporal walk-off on the resulting conversion efficiency the temporal profiles of the 
involved modes are displayed in Fig.[5]exemplarily for two different control beam powers at the 
waveguide position of maximum conversion z max . In Fig. [5ja) the temporal pulse profiles for an 
initial control beam peak power of 100 W, resulting in a maximum conversion at a waveguide 
position of about z max = 16 mm, are shown. A significant amount of probe pulse energy is still 
contained in the fundamental mode. In this particular waveguide configuration the main group 
delay with about 5 ps relative to the co-moving time frame is accumulated by the TEi control 
pulse resulting in a strongly reduced index contrast of the induced grating. When increasing 
the control beam power and thereby also the conversion rate, as it is displayed in Fig. |5]b), 
the maximum conversion is already achieved at a waveguide position of 6.8 mm. Here, the 
walk-off of the TEpmode is still well below the pulse duration, resulting in an almost complete 
conversion of the fundamental probe mode to the TM | -mode. 

6. Conclusion 

In conclusion, we demonstrated, by numerically solving the coupled multi-mode nonlinear 
Schroedinger equations, the potential for ultrafast all-optical switching via transverse mode 
conversion in integrated waveguides. We showed that a key to successful mode conversion is 









tailoring the waveguide dimensions for obtaining a suitable form-induced birefringence such 
that phase matching at different control and probe wavelengths is achieved. A central advan¬ 
tage of the novel scheme is that it circumvents the experimentally observed cross-talk due 
to nonlinear polarization rotation when working at the same wavelength for control and probe 
beam m . Cladding configurations and waveguide dimensions of Si3N4 waveguides were eval¬ 
uated systematically to achieve efficient conversion at the lowest possible control beam energy. 
Choosing different cladding configurations as well as tailoring the waveguide geometry allow 
to minimize intermodal group delay as well as to maximize the nonlinear coefficient, even un¬ 
der the constraint of a phase matching condition. A figure of merit was introduced based on 
the occurring differential group delay as well as on the effective mode area and the conver¬ 
sion efficiencies of the different waveguides were found to agree with this introduced figure of 
merit. Finally, an excellent conversion efficiency of more than 90% is found for control beam 
peak powers exceeding 150 W equivalent to only 900 pJ of pulse energy for pulse durations of a 
few picoseconds. Integrated multimode waveguides thereby should allow to reduce the needed 
pulse energies by two to three orders of magnitude in comparison to experimentally shown 
values [ 121 utilizing femtosecond pulses in a step-index fiber (120 nJ of used control beam en¬ 
ergy). The demonstrated scheme thereby poses a promising platform for all-optical switching 
by modulating the control beam power. 
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A. Simulation parameters 

The used parameters for solving the coupled multi-mode nonlinear Schroedinger equations 
are given in this appendix. The used nomenclature is from Poletti et al. [j23j| and all values 
are given in SI units. Of the non-zero values of the coupling coefficients Q Wm „ as well as 
shock time constants Tkimn (with kj,m,n being (0,1,2,3) for the (TEo,TMo,TEi,TMi) modes 
respectively) only eleven unique values occur that are given in table 1 for their first occurance. 
The non-zero constants that are not displayed can be derived from the symmetry conditions, 
e.g., Qkimn = Q mnkl f° r real valued mode fields found in [23|. All values are derived at a center 
frequency of 384 THz (center wavelength of 780.7 nm). 


Table 1. Non-zero and unique nonlinear coupling coefficients of the waveguide modes stud¬ 
ied in this paper. All parameters are given in Si-units: Q^; mn in -4, % m „ in s. 


Waveguide (i) Waveguide (ii) 


Qoooo 

1.4292E+12 

1.5712E+12 

Qooii 

1.3700E+12 

1.4609E+12 

Q0022 

9.4260E+11 

1.0754E+12 

Qo033 

8.5939E+11 

9.1340E+11 

Qo213 

9.1209E+11 

9.9726E+11 

Quit 

1.3693E+12 

1.4346E+12 

Ql 122 

9.6806E+11 

1.0890E+12 

Ql 133 

9.2981E+11 

9.9523E+11 

Q2222 

1.4365E+12 

1.6723E+12 

Q2233 

1.3948E+12 

1.5441E+12 

Q 3333 

1.4414E+12 

1.5675E+12 



Waveguide (i) 

Waveguide (ii) 

Toooo 

5.6381E-16 

5.2690E-16 

^0011 

6.8667E-16 

6.7622E-16 

T 0022 

6.2714E-16 

5.4024E-16 

Too 33 

7.5969E-16 

7.2324E-16 

T 0213 

7.3787E-16 

6.8590E-16 

Tim 

7.4827E-16 

7.4010E-16 

T 1122 

7.1602E-16 

6.4843E-16 

Tl 133 

7.781 IE-16 

7.2936E-16 

T2222 

6.3948E-16 

5.3243E-16 

T2233 

7.4881E-16 

6.7720E-16 

T3333 

7.8023E-16 

7.0383E-16 


Table 2. Dispersion constants of the waveguide modes studied here. All values are given in 
Si-units: j8„ in A. 


Po 

Pi 

Pi 

Pi 

ft 

ft 


Waveguide (i) 


TEO mode 
1.475631E+07 
7.139673E-09 
1.483136E-25 
4.921940E-41 
2.902349E-55 
-8.433037E-70 


TE1mode 
1.386068E+07 
7.44995 IE-09 
1.885453E-27 
-5.953454E-41 
2.033786E-54 
-7.824425E-69 


Waveguide (ii) 


TEO mode 
1.465939E+07 
7.170060E-09 
1.199630E-25 
9.371723E-41 
2.041110E-55 
-7.059796E-70 


TE1mode 
1.363797E+07 
7.617569E-09 
-2.424136E-25 
4.036177E-40 
1.866146E-54 
-1.110369E-68 


Po 

Pi 

Pi 

Pi 

At 

ft 


TMO mode 
1.422207E+07 
7.308650E-09 
1.019897E-25 
-1.863676E-40 
1.599374E-54 
-4.715635E-69 


TM1 mode 
1.343765E+07 
7.542772E-09 
3.539029E-26 
-4.911103E-40 
5.337803E-54 
-2.099060E-68 


TMO mode 
1.410196E+07 
7.329740E-09 
1.150768E-25 
-2.455897E-40 
1.758584E-54 
-4.999118E-69 


TM1 mode 
1.325710E+07 
7.629886E-09 
-4.524213E-26 
-4.060367E-40 
4.913113E-54 
-1.844994E-68 






